We present thermopower measurements on Yb(Rh 1−x Co x ) 2 Si 2 . Upon cobalt substitution the Kondo temperature is decreasing and the single large thermopower minimum observed for YbRh 2 Si 2 splits into two minima. Simultaneously, the absolute thermopower values are strongly reduced due to a weaker exchange coupling between the 4f and the conduction electron states with increasing x. Pure YbCo 2 Si 2 is considered a stable, trivalent system. Nevertheless, we still observe two minima in the thermopower indicative of weak residual Kondo scattering. This is in line with results from photo emission spectroscopy revealing a tiny contribution from Yb 2+ . The value at the high-T minimum in S(T ) is found to be proportional to the Sommerfeld coefficient for the whole series. This unexpected finding is discussed in relation to recent measurements of the valence and Fermi surface evolution with temperature.
I. INTRODUCTION
Ce and Yb-based heavy fermion (HF) systems usually exhibit large absolute values of the thermopower S and a characteristic temperature dependence S(T ) reflecting Kondo interaction and crystal electric field (CEF) splitting of the 4f multiplet. In case of Ce (Yb) the thermopower below room temperature is positive (negative) for the most part with two maxima (minima), one around the Kondo temperature T K due to scattering on the ground state doublet [1] [2] [3] and one at higher T due to combined scattering on the ground state and thermally populated CEF levels. For a CEF level at k B T CEF above the ground state this second extremum is expected at about 0.3-0.6 T CEF [3] [4] [5] . A single CEF extremum is usually found also in case of more than one excited CEF level due to the fact that thermal population of excited levels takes place over a considerable temperature range.
Chemical substitution is widely used to induce chemical pressure and to tune the groundstate properties of HF compounds, e.g., with the aim of driving the system to a quantum critical point (QCP) or an intermediate valence (IV) state. This is reached by changing the hybridization strength and the exchange coupling between the 4f and conduction electrons and consequently the magnetic coupling constant J upon substitution. The concomitant change of energy scales is reflected in the thermopower mainly as a shift of the maxima or minima as observed, e.g., in Ce 1−x La x Ni 2 Ge 2 [6] . If the Kondo and CEF energy scales get close, the two features may even merge into a single one, e.g., for Ce(Ni 1−x Pd x ) 2 Si 2 [7] or Yb(Ni x Cu 1−x ) 2 Si 2 [8] . On the other hand, if J is strongly reduced, it is expected that the large thermopower values are reduced and the extrema eventually disappear. In this paper we present an example for this situation, namely Yb(Rh 1−x Co x ) 2 Si 2 . Cobalt substitution on the rhodium site leads to a very strong reduction of the exchange coupling thus driving the system from a HF state in YbRh 2 Si 2 to a stable trivalent state in YbCo 2 Si 2 .
YbRh 2 Si 2 is a well-known and widely studied HF system, which exhibits non-Fermi-liquid behavior close to an antiferromagnetic QCP [9] [10] [11] . It has a ground state Kondo scale T K of about 25-30 K [12, 13] with a mean Yb valence of 2.93 [14] at low T and higher CEF doublets at 200-290-500 K, respectively [15] . The other end member of the series, YbCo 2 Si 2 , has very week Kondo interaction with a characteristic temperature of less or about 2 K [16, 17] and excited CEF doublets at 46-150-350 K [18] . Thus, both the Kondo and the CEF scales are significantly lower than in YbRh 2 Si 2 . Generally, YbCo 2 Si 2 is considered a stable, trivalent system. However, various experimental probes revealed a tiny residual hybridization between 4f and conduction electron states, such as photoemission spectroscopy (PES) [17] , resonant X-ray emission spectroscopy, and angle-resolved PES (ARPES) [19] . Likewise, the Kondotype increase in the electrical resistivity ρ(T ) towards low T and the slightly enhanced Sommerfeld coefficient γ 0 = 0.13 J mol −1 K −2 point to a small Yb 2+ contribution to the ground state [16] .
The full substitution series Yb(Rh 1−x Co x ) 2 Si 2 has been studied in detail in Ref. [17] . It exhibits a complex magnetic phase diagram with different magnetic phases below 2 K [17, 20, 21] . However, in our investigation we focus on the temperature region above 2 K. Substitution of Rh by Co has two major effects [17] : (1) In this paper we present thermopower measurements on Yb(Rh 1−x Co x ) 2 Si 2 . As expected, the lowering of T K with increasing Co concentration leads to the appearance of a low-T minimum in the thermopower, similar to the case of Lu substitution on the Yb place [13] .
Simultaneously, the absolute thermopower values are rapidly reduced due to the lowering of the exchange coupling between 4f and conduction electrons. The value at the high-T minimum is found to be proportional to the Sommerfeld coefficient. For YbCo 2 Si 2 we still observe the characteristic temperature dependence with two minima in S(T ) as a result of a weak residual hybridization between 4f and conduction electron states.
II. EXPERIMENTAL DETAILS
We investigated single crystals of Yb(Rh 1−x Co x ) 2 Si 2 with 0 ≤ x ≤ 1 grown by an indiumflux technique. Samples with x > 0 stem from the same batches as those characterized in
Ref. [17] . The Co content x determined from energy-dispersive x-ray diffraction has a relative error of less than 1 at. % [17] . Data for pure YbRh 2 Si 2 (x = 0) were taken from Ref. [13] .
The thermopower was measured between 2 K and 300 K using the thermal transport option of a PPMS. It applies a relaxation-time method with a low-frequency square-wave heat pulse generated by a resistive heater. Two Cernox sensors are utilized for measurement of the temperature difference along the sample. In all measurements the heat current was applied within the ab plane of the plate-like crystals.
III. RESULTS
The thermopower S(T ) of all investigated samples of Yb(
Pure YbRh 2 Si 2 exhibits a large negative thermopower with a single minimum around 80 K that was ascribed to combined Kondo scattering from the ground state and higher CEF levels [13, 22] . Substitution of Rh by Co leads to a lowering of the absolute thermopower values around that minimum, while the minimum itself and its position are rather stable. This simple picture ignores that the CEF splitting of the two end members YbRh 2 Si 2 and YbCo 2 Si 2 is rather different. YbRh 2 Si 2 has CEF levels at 0-200-290-500 K [15] . Scattering from the 3 lower levels and probably even from the full multiplet is held responsible for the thermopower minimum at 80 K [13] . By contrast, YbCo 2 Si 2 has a much lower overall CEF splitting with levels at 0-46-150-350 K [18] . Therefore, it is rather surprising that the position of the high-T minimum in S(T ) does not change with substitution. It may play a role that both YbRh 2 Si 2 and YbCo 2 Si 2 have a Γ 7 ground state [16, 23] and that the leading CEF parameter changes smoothly along the series [17] . These facts are in line with the smooth evolution of the thermopower upon substitution. Nevertheless, in YbCo 2 Si 2 CEF excitations should become relevant at much lower T than in YbRh 2 Si 2 . Taking a closer look on the thermopower we find indeed some indication for this: Fig. 2 shows the thermopower curves for x = 0.68, x = 0.78, and x = 1 on a larger scale. In addition we plot the corresponding derivatives ∂S/∂ log T . We observe a significant broadening of the high-T thermopower minimum in YbCo 2 Si 2 compared to the samples with mixed Rh/Co content:
The high-T minima for x = 0.68 and x = 0.78 are rather symmetric (on a logarithmic broad plateau between 12 K and 90 K. Most likely the CEF level at 46 K is responsible for the broadening of the thermopower minimum towards lower T , while the full multiplet is involved in the minimum at higher T .
We would also like to emphasize that the position of the thermopower minimum at elevated T is not directly related to the CEF splitting. To begin with several excited levels contribute to the scattering responsible for the thermopower minimum. The respective effects cannot be simply added as, e.g., for the contributions to the specific heat. Moreover, the exact position of the thermopower minimum depends also on other parameters, in particular the position of the 4f level with respect to the Fermi level ǫ 4f . The NCA calculations have
shown that an increase of ǫ 4f as expected for increasing Co concentration is accompanied by a weak shift of the thermopower minimum towards higher T [3] . This may compensate at least partially for the lowering of the overall CEF splitting upon substitution of Rh by Co. (2) The maximum in the electrical resistivity shifts to lower temperatures with increasing Co content, similar to the low-T minimum in S(T ). However, for x ≤ 0.38 it is observed at much higher T . This is at least partly due to the fact that the electrical resistivity contains a contribution from electron-phonon scattering. It is most relevant at elevated temperatures and was not subtracted in Ref. [17] . An exact evaluation of this component requires accurate knowledge of the sample and contact geometry, which is difficult for small single crystals.
For the magnetic contribution to the electrical resistivity we expect the maximum at somewhat lower T . Moreover, it appears that the electrical resistivity is less sensitive to CEF excitations in the presence of Kondo scattering than thermopower: While Kondo scattering from ground state and excited CEF levels leads to two separate minima in the thermopower (except for pure YbRh 2 Si 2 ) only a single maximum is observed in the electrical resistivity.
It is due to a combination of Kondo scattering and thermal population of CEF levels and found at some intermediate temperature. For x ≥ 0.58 a weak hump appears in ρ(T ) at T > T max (ρ) that has been related to the CEF splitting [17] . For the same concentration range resistivity maximum and low-T thermopower minimum get close to each other. Fig. 3 one might speculate that the maximum in ρ shifts to even lower T and 'passes' the thermopower minimum for higher x. However, measurements of ρ(T ) performed concomitantly with our thermopower measurements on the sample with x = 0.78 (not shown) suggest a maximum in ρ(T ) around 2 K, just below our measurement range and close to the anticipated thermopower minimum. Therefore, we suspect that both features remain close to each other also at higher Co concentration. For x = 1 magnetic ordering sets in before a maximum in ρ is reached. Now we take a look at the lowering of the absolute thermopower values upon increasing Co content x. The effect is most obvious around the high-temperature minimum arising from Kondo scattering on the full 4f multiplet. This minimum is rapidly suppressed upon substitution. The pure Co-system, YbCo 2 Si 2 , exhibits only small absolute thermopower values that are similar in magnitude to those of LuRh 2 Si 2 [13] , the non-magnetic reference to YbRh 2 Si 2 . Nevertheless, the minimum around 100 K is still present for YbCo 2 Si 2 , which is in line with spectroscopic data revealing a tiny residual hybridization between 4f and itinerant states in the material [17, 19] . In Fig. 4a we plot the value at the high-temperature minimum in S(T ), S HT min , vs. the Sommerfeld coefficient γ 0 taken from Ref. [17] . We find a surprisingly good proportionality between these two quantities. For comparison we also show S HT min vs. T 4f (cf. Fig. 4b ). In this case the proportionality is less convincing, especially for large x.
Looking at
Theoretical calculations for the thermopower of Kondo systems with CEF splitting agree to some extend with our observation [3] surface up to about 100 K [25] and a significant hybridization between f and d states even up to at least 250 K [26] . In this sense, our thermopower minimum around 90 K is still lying in the low-T regime, and the charge carriers that participate in the transport at 90 K are related to those contributing to γ 0 taking into account thermal broadening. (4) Moreover, it has been demonstrated recently for a large number of Yb-based Kondo lattices, among them Yb(Rh 1−x Co x ) 2 Si 2 , that the deviation of the Yb valence ν Yb from 3+ exhibits similar temperature dependencies independent of the respective characteristic ground state Kondo scale [27] : The T dependence of the change in (ν Yb − 3) normalized to the value of (ν Yb − 3) at 0 K is almost the same for all materials. This observation is so far not understood. However, it means that the change in the Yb valence between 0 K (where γ 0 is defined) and 90 K (where S HT min is determined) normalized to the deviation from 3+ at 0 K is the same for all Co concentrations x. Considering these points, the direct proportionality between S HT min and γ 0 appears at least less amazing. The very special situation realized in our case might also explain, why the proportionality is not found in other 4f systems.
However, we cannot exclude that its observation for Yb(Rh 1−x Co x ) 2 Si 2 is just an accidental one. Despite this drawback our measurements confirm nicely the expected reduction of the absolute thermopower values upon lowering of the exchange coupling by cobalt substitution, while the persistence of the two weak minima in YbCo 2 Si 2 demonstrates the sensitivity of the thermopower to Kondo scattering.
IV. SUMMARY
We presented thermopower data on Yb(Rh 1−x Co x ) 2 Si 2 . The lowering of T K with increasing Co concentration gives rise to a low-T minimum in the thermopower, while the absolute thermopower values are rapidly reduced due to the lowering of the exchange coupling between 4f and conduction electron states. YbCo 2 Si 2 still exhibits two weak minima in S(T ) indicative of a residual hybridization. We find a linear correlation between the thermopower values at the high-T minimum and the Sommerfeld coefficient. The origin of this proportionality is not clear. However it may be related to the recent finding of a rather stable FS up to temperatures of at least 100 K in YbRh 2 Si 2 and to the similar T dependence of the Yb valence for the whole substitution series.
